Abstract. Trials were conducted during summer months of 2002 and 2003 to evaluate the effects of a kaolin-based particle film (Surround WP, Engelhard Corp.) on gas exchange, nut quality, casebearer density and population of natural enemies (insects and arachnids) on pecan (Carya illinoinensis 'Pawnee') trees. Film application was repeated for seven (2002) or nine (2003) times during the growing season. In both years, treated trees showed lower leaf temperature (up to 4°C) than untreated trees. During the warmest hours of the day, kaolin-treated leaves were generally 0 to 2°C cooler than air temperatures, compared to 4 to 6 °C for control leaves. Leaf net assimilation rate, stomatal conductance and stem water potential were not affected by film application. Nut size and quality did not differ between the two treatments. Shellout (percentage of nut consisting of kernel) was not affected by treatment and averaged about 55%. Crop grade distribution (fancy, choice, standard, and damaged) was also similar among treatments in both years. In both years, numbers of green lacewing eggs was less on kaolin-treated compared to control leaves. The density of common natural enemies (lady beetles, green lacewings, spiders) of pecan pests did not differ between treatments. The average number of developing nuts damaged by pecan nut casebearer (A crobasis nuxvorella Neunzig) was significantly higher in kaolinsprayed trees (24.2%) compared to control trees sprayed with conventional insecticides (9.3%). The results suggest that kaolin-based particle film may not be a viable alternative to conventional methods of controlling pecan pests. Also, under adequate irrigation conditions, carbon assimilation, water relations and productivity may not benefit from kaolin particle film application.
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1 376 effects on diseases have not been evaluated. The particle film technology also has been shown to reduce heat stress ofapple tree canopies and fruit by increasing canopy reflectivity (Glenn et al., 2002; McBride, 2000; Werblow, 1999) .
Although many studies have been conducted on the effects of particulate deposition on vegetation, most of them focused on inert dusts (Armbrust, 1986; Farmer, 1993; Thompson et al., 1984) . One ofthe frequently observed effects of inert dust treatments is the suppression of gas exchange and carbon assimilation. However, natural dust particles usually range in diameter from 5 to 100 am, and have both a chemical and physical impact on vegetation (Farmer, 1993) . Surround WP is a nearly pure formulation of processed kaolin (95% kaolin, an aluminosilicate mineral AI4Si4O,0(OH)8) with hydrophilic particles which are nonabrasive and chemically inert over a wide pH range (Glenn et al., 1999) . The material is manufactured to minimize its interference with the passage of atmospheric gases to the leaf mesophyll, so that the normal photosynthetic activity of the treated plants is not impaired. After the application of the hydrophobic M-96-018 kaolin (prototype of Surround WP), Glenn et al. (1999) found no reduction in net photosynthetic activity in leaves ofapple, pear and peach trees. Glenn et al. (2002 Glenn et al. ( , 2001 also demonstrated that heat stress and solar injury were reduced when kaolin was applied to apple trees. Furthermore, kaolin induced increased leaf carbon assimilation, reduced canopy temperature and improved fruit quality characteristics (Glenn et al., 2001a) .
Experiments were conducted to assess effects of kaolin particle film on pecan trees under dry, hot growing conditions that typify the pecan production regions in Texas. Leaf thermal properties, gas exchange, water relations, fruit yield and quality as well as insect pest densities were evaluated. It was hypothesized that kaolin particle film would increase leaf reflectivity, reduce leaf temperature and incidence of heat stress. It was also hypothesized that kaolin particle film would reduce insect pest pressure and lead to increases in fruit yield and quality.
Materials and Methods
Trials were conducted in 2002 and 2003 in the Texas A&M University J. Benton Storey Pecan Experimental Orchard (lat. 30°3 I 'N, long. 96°24'W, elevation 67 m), located near College Station, Texas. The size ofthe orchard was about 3.5 ha, and the soil type was a Westwood silt loam soil, 0% to 1% slope (fine-silty, mixed, thermic Fluventic Ustochrepts). Six mature pecan trees ('Pawnee') were selected based on uniformity of size, vigor and location within the orchard. Treated trees were not directly adjacent to each other, but were surrounded by eight neighboring trees which received the same treatment applications. All trees were spaced at 10.7 x 10.7 m and had 40 ± 4 cm diameter trunks measured at 1.3 m above the ground at the beginning of the study. The selected trees and the guard trees occupied an area of about 0.7 ha.
Treatments were kaolin-based particle film and untreated controls. In both years, a 5% (w/v) suspension of kaolin was applied using an orchard air blast sprayer. In 2002, the first application was conducted on 25 July and repeated on a weekly basis six more times during the season. In 2003, kaolin was first applied on 18 May and was followed by five weekly applications and, when good coverage was obtained, by three biweekly applications.
Each year the orchard received three urea applications (in April, May, and June) to supply a total of 168 kg-ha-1 of N. Zinc (Zn) was also applied three times (1, 3, and 7 weeks after green tip stage) as foliar fertilizer (NZN, 15N-0P--0K--5Zn, Tessenderlo Kerley, Inc., Phoenix, Ariz.) at a rate of 475 gha of Zn per application. In August, trees were irrigated once every 2 weeks using microsprinklers, unless natural precipitation supplied adequate water. All trees were treated with fungicides to control pecan scab (Cladosporioum caryigenum Ellis & Langl.). Pecan nut casebearer (PNC, Acrobasis nuxvorella Neunzig) and hickory shuckworm (Cydia carvana Fitch) also were controlled using conventional pesticides, except for those trees used for the PNC infeStat101 experiment (see litter). DLIe to the alternate bearing habit of pecan, the second year of the investigation was characterized by heavier crop load so crop thinning (shaking the trunk and/or or main branches for 3 to 5 s) was performed in mid-July to prevent overcropping. The thinning procedure resulted in removal of about 30% of the crop from each tree.
Kaolin residue. Particle density on the adaxial and abaxial leaf surface was measured three times per season by washing off each leaf surface from twenty leaves per tree with deionized water into separate, preweighed beakers. Beakers were then placed in oven at 75 °C for 24 h to allow the water to evaporate and reweighed. The leaf area of the same twenty leaves per tree was determined with a leaf area meter connected with a transparent belt conveyor (LI-3000A and LI-3050A; respectively, LI-COR, Lincoln, Nebr.). Average surface area density of the particle film was calculated by dividing the weight of the particle film collected from each leaf surface by the leaf area of the same surface.
Canopy light interception andleaftemperature. To measure if the amount of solar radiation scattered by the particle film increased inside the treated canopies, photosynthetic photon flux density (PPFD) and air temperature (Ta) were measured on one tree per treatment. In both years, PPFD data were collected by quantum sensors (LI190SB-L, LI-COR, Lincoln, Nebr.) and T was measured using radiation-shielded thermocouples (Cu-Co; Omega Engineering Inc., Stamford, Conn.). Leaf temperature (T) was also measured with similar thermocouples attached to the abaxial side ofthree leaves/tree using lightweight clips. Measurement leaves were fully expanded and selected from exterior south-facing canopy positions at approximately 3 m from the ground (lower third of the canopy). All quantum sensors and thermocouples were connected to a data logger (CR1OX; Campbell Scientific, Logan, Utah), and data were collected using at I-s interval and stored as I 0-min averages. After data from the first two trees were collected for 5 to 7 d, all sensors were moved to the next pair of trees until all six trees were measured.
Leaf chlorophyll content. SPAD readings were collected three times in 2002 using a chlorophyll meter (SPAD-502; Minolta, Ramsey, N.J.). Before measurements, control and treated leaves were washed using distilled water to prevent any possible interference of the particle film with the SPAD readings.
Gas exchange. Leaf net CO. assimilation rate (A), transpiration rate (E), and stomatal conductance ( g ) were determined using an infrared gas analysis system (LI-6400; LI-COR Inc., Lincoln,Nebr.). Single leafmeasurements were taken at a chamber air CO. concentration of 360 sLL and a 1500 pmohm2s' irradiance, supplied by a red/blue light source (6400-0213; LI-COR Inc., Lincoln, Nebr.) on the adaxial leaf surface. At each measurement time, three fully expanded terminal leaves were selected per tree and the middle leaflets were used for measurements. Gas exchange was measured between 1000 and 1400 HR on 5 and I Aug. 2. 10. and 23 Sept. 2002: 2. 10, and 30 June; 14 and 28 July; II and 25 Aug.; and 8 Sept. 2003 .
Carbon-13 isotopic discrimination. Three 15-cm-long twigs per tree were collected from the previous season shoots in January 2003. The twigs were debudded, cut in 2 to 3 cm long sections, dried at 70 °C for 72 h, ground to pass through a40-mesh screen on the a Wiley Mill and analyzed for ' 3 C content and ' 3 C discrimination (A) by Isotope Services (Los Alamos, N.M.) as described by Glenn et al. (2003) .
Stem water potential. The leaves used for gas exchange measurements were used immediately to determine midday stem water potential (W) with a Scholander-type pressure chamber (Soil Moisture Equipment Corp., Santa Barbara, Calif.). Measurements were collected between 1200 and 1300 HR according to the procedure described by McCutchan and Shackel (1992) .
Density of natural enemies and common pecan pests. In both years, density of three important groups of natural enemies (lady beetles, green lacewings, and spiders) of pecan pests was monitored on treated and control trees throughout the course of the experiment using a refuge banding technique. Single-face eorruaied cardhoard ss as cut in pieces (hands) 5 x 10 cm in size. Bands were wrapped around 1-year-old terminal shoots and kept in place by clothespins. Bands were deployed immediately after kaolin application and removed before the following application. Bands were taken to the laboratory and placed in a freezer (-20 °C) Date Fig. I . Representative hourly average photosynthetic photon flux density (PPFD) (A) measured in 2002 at the top of, or inside, the canopy and leaf-air temperature differences (Ta -T1 ) ( B) for 'Pawnee 'pecan trees sprayed with a 5% Surround particle film suspension. Each line reports data collected on one tree.
the kaolin and control treatments as in the main experiment, with the difference that insecticides were not used in the first part of the season to control PNC. Yield and nut quality. Fruit were harvested in early October and total yield per tree was determined. About 400 g ofnuts from each tree were utilized to evaluate in-shell and kernel quality characteristics. In-shell characteristics were determined based on exterior appearance ofthe nut. Nuts graded as excellent did not show any visible defect. Cracked nuts had evident cracks in the shell which usually lead to rapid deterioration of the kernel quality. Split nuts were those with evident gap between the two halves, which sometimes are a consequence of premature germination (sprouted nuts). Sticktights indicate those immature fruit that did not open properly, i.e., the shuck dried out before dehiscing. Nuts exhibiting the typical scarring caused by hickory shuckworm were recorded. Kernels characteristics and percentage of nut consisting of kernel (shellout) were evaluated after all sample nuts were cracked and shells were carefully separated from the meat. Kernel quality was graded into five classes: fancy (sound kernels with no defects and a golden color), choice (sound kernels with no defects and light-brown color), standard (kernels with minor defects and golden color), and damaged (inedible kernels). Among the damaged kernels, were those exhibiting the typical black, rounded spots classified as stink bug-damaged (Euschistus servus Say, Ch/orochroa ligata Say, Acrosternum hilare Say, and Nezara viridula Linnaeus).
Experimental design and statistical analvsis. The experimental design was a completely randomized design with three single-tree replications per treatment. For the evaluation of PNC infestation, the insecticide x kaolin interaction was considered. Data were subjected to analysis of variance (ANOVA) and where applicable means were separated using Fisher's least significance difference (LSD) at P 0.05 using SAS software (SAS Institute Inc., Cary, N.C.).
Results
Kaolin density. Following each application, the average surface area density of kaolin was 527 ± 23 sgcm 2 and 450 ± 30 sgcm-2 for adaxial and abaxial leaf surfaces, respectively. Kaolin was not detected on control leaves.
Canopy light interception and leaf tem-
perature. PPFD and temperature data at the experimental site were similar in both years. Representative data from cloudless measurement periods in 2002 are shown in Fig. I . PPFD values measured inside the canopy of treated and untreated trees were always 10% to 20% of those in full sunlight (Fig. IA) . Frequently PPFD values inside kaolin-treated canopies were higher than those measured inside control trees (Fig. IA) . In both years, kaolin-sprayed trees frequently showed lower T 1 (up to 4 °C) than control trees. Consequently, the difference (Ta_ T) measured in sun-exposed leaves during the warmest hours of the day was 0 to 2 °C in treated leaves versus 4 to 6 °C measured in control leaves (Fig. 1 B) .
Leafchlorophyll content. The effects of the particle film on leaf chlorophyll concentration varied depending on the time after the first treatment. One week after the first treatment, there were no differences in leaf chlorophyll concentration between kaolin-treated and control leaves. However, 4 weeks (23 Aug.) after the first treatment, leaf chlorophyll concentration was 11% higher in kaolin-treated leaves (P = 0.01) than control leaves (Table  I ). Such differences were maintained after seven weeks (Sept. 16) after the first application (P = 0.02).
Gas exchange. In both years, A and g, values were similar throughout the growing season. In 2002, A averaged 8.6 and 7.7 j.tmolm-s-' in control and kaolin-treated leaves, respectively. In 2003, A was 10.0 smolm 2 s-' in control leaves and 10.3 smolm 2 •s-' in treated leaves. E of kaolin-treated leaves was significantly lower than that of control leaves on two dates in 2002 (13 and 20 Aug., data not shown) and on one date in 2003 (28 July, data not shown). Carbon isotope discrimination was not altered by particle film treatment (Table I) .
Stem water potential. Midday ip was not affected by the particle film treatment on any of the measurement dates (data not shown). In 2002, average seasonal ip was -1.0 MPa for both treatments. In 2003, sp in kaolin-sprayed trees was significantly higher than in control trees only on3o June (-I.l MPa and -1.3 MPa, respectively). In 2003, seasonal average in the two treatments was identical (-1.2 MPa).
Density ofnatural enemies andcommonpecan pests. Spiders from as many as nine families and insects from eight different orders were captured with the banding technique ( Table  2) . Although the list is not comprehensive, the banding technique was an efficient way to monitor the presence of considerable number of insects and other natural enemies. In 2002, the number of natural enemies (spiders and lacewings) captured in the cardboard bands was not affected by the presence of kaolin on the leaves and stems (data not presented). In 2003, differences were observed on five out of ten dates for spiders, and on two out of ten dates for lacewings, and generally there were fewer on kaolin treated trees (Table 3) . However, almost every time that differences were detected, the smaller number of lacewings was captured from kaolin-sprayed trees. The only exception was recorded on 12 Aug., when the number of lacewings was actually greater on kaolin-sprayed trees. Visual monitoring performed weekly confirmed that fewer lacewings were present on sprayed trees throughout the season (Table 4) . Visual monitoring data indicated that the kaolin was occasionally a mechanical barrier not only fornatural enemies, but also for some common pecan pests such as yellow pecan aphids (Table 4) . Lady beetles of any developmental stage were not detected by visual monitoring.
Infestation of pecan nut casebearer. The first PNC damage assessment (29 May 2003) revealed that when neither pesticide nor kaolin was used, about 30% of the counted fruit showed the typical exit holes and frass caused by PNC larvae (Table 5 ). The sole application of kaolin was not an effective way to control PNC, and the amount of PNC-damaged fruit (24.2%) was not significantly different than the amount detected on trees that did not receive kaolin. The ineffectiveness of kaolin in reducing PNC infestation was also illustrated when the film was used in conjunction with the pesticide. While the conventional pesticide decreased the amount of PNC-damaged fruit (9.3%), when kaolin and pesticide were applied together there was not any additional beneficial effect in protecting more fruit (13.8% of damaged fruit) ( Table 5 ). The lower numbers indicated in the second damage assessment (June 5) are the result of the fruit drop-off caused by the PNC larvae.
Yieldand nut quality. There were not statistically significant differences in the yield between the two treatments in either year. In 2002, which was an "off" year for pecan production, average yield per tree was similar in the two treatments with 7.4 and 8.5 kg in control and kaolin-treated trees, respectively. In 2003, an "on" year, yield was approximately double that ofthe previous year with 14.3 kg/tree in control trees and 16.2 kg/tree in kaolin-treated trees, respectively (Table 6 ). In-shell characteristics (percent of excellent, cracked, split, sprouted, sticktights and shuckworm -damaged nuts) of the nuts were also equal in the two treatments in the 2 years (2002 data not presented; 2003 data in Table 6 ). Shellout and all other kernel characteristics investigated were also not significantly different between treatments in neither in 2002 (data not presented) or 2003 ( Table 7) .
Discussion
Our data indicated that kaolin reduced leaf temperature and increased the amount of light reaching the interior parts of the canopy. Similar effects have been reported for other fruit tree crops such as apples, grapes and citrus (Glenn et al., 2003 (Glenn et al., , 2001a Jifon and Syvertsen, 2003) . Although not verified in the present study, the mechanism for reduced leaf temperature is thought to be increased reflectivity from the treated leaf surfaces. Increased leaf reflectance would reduce the amount of radiant energy absorbed by sunlit leaves, and moderate leaf temperature. A reduction in leaf temperature would be expected to result in reduced leaf-air vapor pressure deficit (LAVPD) and increased g, and A as has been shown for other tree species (Glenn et al., 2003; Jifon and Syvertsen, 2003) .
While the application of dusts and other particulates has been shown to impair photosynthetic activity (Armbrust, 1986; Krishnamurthy and Rajachidambaram, 1986; LeBoeuf, 2000; Thompson et al., 1984; Vardaka et al., 1995) , previous studies reported that kaolin can stimulate net assimilation rate (Glenn et al., 2003 (Glenn et al., ,2001 Jifon and Syvertsen, 2003) . In the present study, no effect of kaolin particle film sprays on g, or A was observed, even though leaf temperature was significantly reduced by kaolin spray. On a few occasions, A and g, of kaolin treated leaves were lower than those of control non-treated leaves (data not shown). These results may indicate the insensitivity of g and A of pecan leaves to changes in leaf temperature and LAVPD. The trees used in the present study were adequately irrigated and fertilized. Pecan trees have been classified as water-spenders, with young trees capable of transpiring 3 to 4 Ld and mature trees requiring as much as 500 to 1000 Ld (Sammis and Herrera, 1999) . However, with sufficient water supply, pecan trees have been shown to maintain high g, and A, even in conditions of elevated temperatures and LAVPD (Andersen and Brodbeck, 1988) . High temperature (41.5 °C) stress did not significantly affect gas exchange rates of pecan leaves exposed to full sunlight (2000 timolm-2s1) and 3 kPa LAVPD (Andersen and Brodbeck, 1988) . This insensitivity of pecan stomata to high temperature and LAVPD is perhaps responsible for the unusually high A and g, when compared to other temperate fruit trees (Hall et al., 1975; Khairi and Hall, 1976; Kriedemann, 1971 ). The high water requirement forpecan physiology, growth and productivity, and the observed insensitivity of its stomata to LAVPD is also reflected in the rather high season-long 'C discrimination values (21% to 22%). These values lie in the upper end of the range oftypical A values for C, species (15% to 28%; Griffith, 1993) and suggest a low water use efficiency for this species.
All parameters collected lead to the conclusion that kaolin particle film did not have detectable beneficial effects on the physiology and productivity of pecan trees, as it has been reported for temperate crops such as apple and grapes (Glenn et al., 2003 (Glenn et al., , 2001 Mon and Syvertsen, 2003) .
The kaolin application was not an effective method to reduce the population of some common pecan pests, such as casebearer and yellow pecan aphids. Inmost cases, insects and spiders, which act as natural enemies forpecan pests, were also not affected; although, on some dates, the numbers of lacewing eggs and spiders were smaller in kaolin-treated leaves.
Application of kaolin particle films on mature pecan tree canopies resulted in a reduction of leaf temperatures. However, E, g, and A, pest control, yield, shellout, in-shell and kernel characteristics of harvested pecans were not affected by kaolin particle film treatment. This indicates that surface effects of kaolin spray on pecan are not as critical as they are in apples and citrus. The benefits of kaolin that have been demonstrated in other fruit crops did not show on the size and age of pecan trees growing under the conditions of this study. Further studies may be required to determine whether kaolin could be beneficial during periods of potential water stress as under deficit irrigation conditions designed to conserve water.
